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Recent structural studies of mammalian
phosphoinositide-specific phospholipase C (PI-PLC) 
have begun to shed light on the mechanism whereby this
family of effector enzymes is able to hydrolyze phospho-
lipid substrates to yield second messengers. PI-PLC
isozymes employ a variety of modules (PH domain,
EF-hand domain, SH2 domain, SH3 domain and C2
domain) that are common in proteins involved in signal
transduction to reversibly interact with membranes and
protein components of the signalling pathways.
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Phosphoinositide-specific phospholipases C (PI-PLCs) are
a large family of closely related enzymes that reversibly
associate with membranes to carry out hydrolysis of mem-
brane resident phosphoinositide substrates. PI-PLC is a 
key effector in most receptor-mediated signal transduction
pathways. In eukaryotic cells, the principal activity of this
enzyme is to catalyze the hydrolysis of phosphatidylinositol
4,5-bisphosphate (PtdIns(4,5)P2) to generate two second
messengers, diacylglycerol (DAG) and inositol-1,4,5-
trisphosphate (Ins(1,4,5)P3), which mediate the activation of
protein kinase C and intracellular Ca2+ release, respectively. 
Several recent studies of mammalian PI-PLCs have
revealed the three-dimensional structures of isolated
domains and groups of domains from this multidomain
enzyme [1–4]. By assembling the pieces from this three-
dimensional puzzle it is possible to suggest mechanisms
whereby these domains act together to carry out the
enzymes unique role in signal transduction. In the context
of this new three-dimensional structural information, we
review here the domain organization of eukaryotic PI-
PLC isozymes and implications for the regulation of lipid-
derived second messenger production. 
The domain organization of PI-PLC isozymes
On the basis of their size and primary structures, mam-
malian PI-PLC isozymes can be grouped into three classes,
b, g and d [5,6]; these classes differ significantly in their
mode of activation. The b class of PI-PLCs (PLC-b1 to b4)
are activated by subunits of the heterotrimeric G proteins
and the g class (PLC-g1 and PLC-g2) by receptor-linked
tyrosine kinases. Little is known about the regulation of the
d isozymes (PLC-d1 to d4), although these isozymes are sig-
nalling pathway effectors [7,8] and several regulatory mech-
anisms have been recently suggested including regulation
by the G protein Gh [9] and by p122-RhoGAP (a GTPase
activating protein for the RhoA G protein) [10]. From
sequence comparisons, it is clear that the d class represents
a core common to all PI-PLC isozymes. PI-PLC molecules
isolated from other eukaryotes have properties shared with
mammalian isozymes from one of the main classes.
The structures of the N-terminal domain of PLC-d1 [3]
and of the remainder of the enzyme [4] reveal a four-
domain organization for the enzyme: a catalytic domain,
and a set of accessory modules consisting of a pleckstrin
homology (PH) domain, an EF-hand domain, and a C2
domain. These accessory modules are found in a variety of
proteins involved in signal transduction. Each of the
domains have specific ligand-binding properties and it is
their coordinate action that regulates activity of the enzyme
at the membrane surface. 
On the basis of sequence similarity, it is possible to derive
the domain organization of all the PI-PLCs (Fig. 1). The
simplest of the enzymes is found in prokaryotes and
consists only of the catalytic a/b barrel [11]. Eukaryotic
PI-PLCs have evolved accessory domains that enable 
regulated PtdIns(4,5)P2 hydrolysis, consistent with their
role in signal transduction. The EF-hand, catalytic and C2
domains form a tightly packed, enzymatically active core
common to all eukaryotic PI-PLCs and must have arisen
early in the course of evolution (Fig. 2a). Besides the core
domains, all eukaryotic enzymes, except those in plants
and mammalian retina, contain a PH domain (Fig. 2b).
In addition to the domains common to most eukaryotic 
PI-PLCs, the PLC-b and PLC-g isozymes contain other
domains that mediate their interactions with regulatory
proteins. The PLC-b isozymes have a C-terminal exten-
sion that is crucial for interaction with the a-subunits of
heterotrimeric G proteins. The PLC-g isozymes have a
multidomain array (a PH domain ‘split’ by two SH2
domains and an SH3 domain) inserted between two
halves of the catalytic domain. While no structural infor-
mation yet exists for the C-terminal domains unique to
the PLC-b isozymes, two domains unique to the PLC-g
isozymes, an SH2 and an SH3 domain have been struc-
turally characterized [1,2] (Figs 2c,d).
Structure of the multidomain PLC-d-like core
Besides the triosephosphate isomerase-like (TIM)-barrel
domain containing the active site, that is described below
in more detail, the minimal catalytically active unit of
PLC-d1 requires most of the EF-hand domain and the C2
domain (Fig. 2a). The PH domain confers a much higher-
affinity membrane binding on the minimal functional
unit, enabling the enzyme to carry out multiple rounds of
substrate hydrolysis while remaining bound to the mem-
brane. The structure of the isolated PH domain (Fig. 2b)
has enabled understanding of the high-affinity binding to
PtdIns(4,5)P2 and Ins(1,4,5)P3. However, the interaction
of the PH domain with the rest of the enzyme is not yet
clear. The only clue suggested by structural studies is that
the link between the PH and the EF-hand domains may
be fairly flexible.
The EF-hand domain of PLC-d1 consists of four helix-loop-
helix motifs that are arranged pairwise in two lobes, simi-
larly to calmodulin [4]. Most of the PI-PLCs do not have
conserved calcium-binding residues in their EF-hands and,
consequently, escape detection using the classical Ca2+-
binding EF-hand sequence motif. Only a few PI-PLCs
have typical Ca2+-binding residues within their EF-hand
loops: PLC-d isozymes have two such motifs (in EF-hands
one and two), while PLC-g1 and yeast PI-PLCs have one
motif (PLC-g1 in EF-hand one and yeast PI-PLC in EF-
hand two) [12]. Nevertheless, as indicated in Figure 1,
sequence analysis suggests that most eukaryotic PI-PLCs
have four EF-hand (helix-loop-helix) structural motifs. It is
likely that the two EF-hand lobes have different and largely
independent functions. The first lobe seems to provide a
flexible link to the N-terminal PH domain whereas the
second lobe has an important structural role [4]. The second
lobe grasps the C2 domain in a fashion analogous to the way
in which calmodulin binds its target peptide [13]. A deletion
mutant missing only the first EF-hand sequence motif
(∆144–172) has an activity similar to the wild-type enzyme,
while deletions reaching into the second lobe (∆144–236
and ∆172–236) inactivate the enzyme [14]. Plants appear to
have only the second EF hand lobe.
The C2 domain is central to the interdomain interactions
found in the core of the enzyme. Although it is the C-
terminal domain, its packing interactions act as a bridge
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Figure 1
Domain organization of PI-PLC isozymes.
Representative examples are included for the
three mammalian classes and for isozymes
isolated from other organisms. The putative
domain boundaries are indicated with
numbering appropriate to the first isozyme
from each of the examples. The other
isozymes that have been described are
indicated in parentheses. PH domains are
shown in green, EF-hand domains in magenta,
catalytic domains in yellow and C2 domains in
blue. For the C-terminal extension region of
the PLC-b isozymes (pink) predicted helical
elements are indicated with boxes shown
below the schematic representation. The
sequences used for the analysis include the
mammalian isozymes ([5,6] and references
therein), the PLC-b4 isozyme specifically
expressed in retina [52], the enzymes from
plants [49,50,74], Dictyostelium discoideum
[75], Saccharomyces pombe [76],
Saccharomyces cerevisiae [77–79], and
Bacillus cereus [80].
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between the EF-hand and the catalytic domains. It is
likely that these packing interactions are essential for the
integrity of the enzyme. In addition, the domain probably
has an important role in membrane interactions.
Extensions to the core enzyme involved in protein—protein
interactions
The PLC-b and PLC-g isozymes are activated in vivo
by association with upstream regulatory components, 
G protein subunits and tyrosine kinases, respectively
(reviewed in [6,15,16]). The activation of PLC-bs occurs via
a direct interaction with both the Ga subunits and Gbg
subunits of heterotrimeric G proteins. Deletion analysis of
PLC-b isozymes provided clear evidence for separate sites
of interaction with Ga and Gbg subunits [17–22]. The acti-
vation by the Ga subunits requires the C-terminal exten-
sion unique to the b isozymes, consisting of 350–420
residues, for which there is no structural information. The
C-terminal region is clearly not required for bg stimulation.
The region responsible for this interaction could include
the PH domain and part of the EF-hand domain. The G
protein subunits have covalently attached lipid modifica-
tions that are necessary for their membrane attachment and
for PLC-b activation [23–25]. It may be that the interaction
with G protein subunits can influence the activity of PLC-b
by stabilizing the enzyme on the membrane surface.
The interaction of PLC-g with receptor and non-receptor
tyrosine kinases (via SH2 domains) and with cytoskeletal
proteins (via the SH3 domain) have been the subject of
recent reviews [5,26]. Activation of PLC-g requires both
interaction with the phosphorylated receptor and the
phosphorylation of PLC-g tyrosine residues. It has been
demonstrated that the binding of the receptor-derived
phosphopeptide to the intact PLC-g1 apparently causes a
conformational change in PLC-g1 as indicated by circular
dichroism (CD) measurements [27]. Further conforma-
tional changes may be elicited after phosphorylation of the
enzyme, perhaps via intramolecular interaction between
the PLC-g SH2 domains and the phosphorylated residues.
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Figure 2
Ribbon schematic representation of domains
from eukaryotic PI-PLCs for which three-
dimensional structures have been determined.
(a) The structure of the EF—catalytic—C2 core
from rat PLC-d1. The EF-hand domain is
shown in magenta, the catalytic domain in
yellow and the C2 domain in cyan [4]. The
Ins(1,4,5)P3 bound in the active site is shown
in ball-and-stick representation and the Ca2+
positions in the active site and in the C2
domain are shown as large cyan spheres.
(b) The PH domain from rat PLC-d1 [3]; the
bound Ins(1,4,5)P3 is shown in ball-and-stick
representation. (c) The C-terminal SH2
domain from PLC-g1 in complex with a
phosphopeptide from the platelet derived
growth factor (PDGF) receptor (shown in ball-
and-stick form) [2]. (d) The SH3 domain from
PLC-g1 [1].
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These conformational changes may affect either the mem-
brane interacting steps or the hydrolysis step of the enzy-
matic mechanism. For example, agonist stimulation of the
epidermal growth factor (EGF) receptor leads to a rapid
redistribution of PLC-g from the cytosol to the membrane
[28]. In contrast, the observation that the PLC-g
SH2–SH3 array has a role in partially inhibiting the
unstimulated enzyme [29], could be interpreted as a direct
influence on the hydrolytic step perhaps by affecting sub-
strate access to, or product exit from, the active site.
Interaction of PI-PLCs with the membrane
The PI-PLC isozymes, like many other enzymes involved
in lipid signalling and metabolism, can reversibly associate
with membranes. The binding to the membrane via sites
on the enzyme distinct from the active site can be fol-
lowed by multiple cycles of substrate hydrolysis [30–33].
This type of mechanism is known as ‘processive’ catalysis
[34,35]. Kinetic, deletion and structural studies of PI-PLC
suggest that the enzyme has multiple sites of membrane
interaction, distinct from the active site. It has been pro-
posed that the multiple sites of membrane interaction give
rise to a three-step mechanism of catalysis: an initial ‘teth-
ering’ of the enzyme to the membrane surface, a subse-
quent ‘fixing’ of the orientation of the enzyme on the
membrane surface, and finally multiple rounds of hydroly-
sis [4]. The most thoroughly studied of the membrane
interactions is the PH domain–phospholipid interaction,
but a growing body of evidence suggests that the C2 and
catalytic domains may also contribute to these interac-
tions. Depending on the isozyme (b, g or d) the ways that
the membrane attachment is brought about and regulated
in vivo may differ. Nevertheless, all of the isozymes are
capable of direct interaction with membranes without the
aid of membrane resident proteins.
Interactions with the membrane via the PH domain
Deletion analysis of PLC-d1 and studies of its isolated 
PH domain indicate that this domain is responsible for
direct membrane tethering by binding to PtdIns(4,5)P2
[32, 36–40]. PH domains from various proteins have been
shown to bind phosphoinositides and their soluble head-
groups, albeit with widely varying affinities [41,42]. Among
the PI-PLC isozymes, only the PH domain from PLC-d1
has been studied in terms of its phospholipid binding prop-
erties; it was shown to have high affinity, stereospecific
binding to Ins(1,4,5)P3 and PtdIns(4,5)P2 (Kds of 0.2mM
and 1.7mM, respectively) [38,39]. The PH  domain is
necessary for tethering PLC-d1 to the plasma membrane 
in vivo [40]. PLC-d1 binds to Ins(1,4,5)P3 via extensive,
stereospecific interactions with the 4- and 5-phosphate
groups and via fewer interactions with the 1-phosphate.
The binding involves the positively charged face of the 
PH domain, encompassing the b1–b2 and b3–b4 loops
[41]. The PH domain may provide a regulatory function 
for the enzyme. PI-PLC activity results in a reduction 
of PtdIns(4,5)P2 and an increase in Ins(1,4,5)P3 concentra-
tion. Both of these effects could contribute to down regula-
tion of PLC-d1 by interfering with tethering via the 
PH domain.
Some PH domains participate in interactions with bg
subunits from heterotrimeric G proteins, as best character-
ized for the b-adrenergic receptor kinase (b-ARK)
(reviewed in [42,43]). This interaction in b-ARK requires
the C-terminal half of the PH domain and about 30
residues following it [44,45]. In PI-PLCs, these 30
residues would correspond to the first helix-loop-helix of
the EF-hand domain. Among PI-PLC isozymes, only
PLC-b1 to b3 are stimulated by bg subunits (according to
the hierarchy b3 > b2 > b1) [22,46–48], suggesting that a
feature particular to the PH or EF-hand domains of these
isozymes may be responsible for the activation.
The PI-PLC enzymes which do not have the PH domain
(PI-PLCs from plants [49,50] and PLC-b4 cloned from
bovine and human retina [51,52]) are likely to use some
other part of the protein for membrane interaction.
Interactions with the membrane via the C2 domain
Most of the proteins with C2 (also known as CaLB)
domains are involved in signal transduction and vesicle
trafficking and show reversible membrane association
[53,54]. Several types of ligands for C2 domains have
been identified, including anionic phospholipids such as
phosphatidylserine and phosphatidylinositol. Both Ca2+-
dependent phospholipid binding (as typified by the C2
domain from cytosolic phospholipase A2 [cPLA2] and the
C2A domain [C2A] of synaptotagmin I [55–57]) and Ca2+-
independent binding have been characterized [58–60].
The structure of the PLC-d1 C2 domain is very similar to
the C2A domain from synaptotagmin I [61], but has a circu-
larly permutated topology relative to it (i.e. if the b strands
in the synaptotagmin C2A domain are numbered from the
N to the C terminus 1,2,3,4,5,6,7,8, the structurally equiva-
lent strands in PLC-d1 are 8,1,2,3,4,5,6,7). One conse-
quence of the circular permutation is to move the N and C
termini from one end of the domain to the other [4]. The
crystal structure of PLC-d1 in the presence of Ca2+ or Ca2+
analogues reveals two principle Ca2+-binding sites within
the C2 domain. These sites are located at one end of the 
C2 domain between three loops, connecting strands b1
with b2, b3 with b4 and b5 with b6 (Fig. 2a). The analo-
gous loops in the synaptotagmin I C2A domain also bind
Ca2+ and were implicated to constitute the Ca2+-mediated
lipid-binding site [61,62]. The Ca+-binding loops are
located on the same side of PLC-d1 as the substrate-
binding site, in a position suitable for the putative Ca2+-
dependent lipid headgroup binding [4]. From sequence
comparisons, it appears that the PI-PLCs from plants and
mammalian d class isozymes have potential Ca2+-binding
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residues in their C2 domains, whereas other isozymes have
fewer conserved ligands. In contrast to cPLA2, where the
C2 domain is the primary site of membrane tethering, it is
clear from deletion mutants of PLC-d1 lacking a PH
domain that the PLC-d1 C2 domain could have only a rela-
tively minor role in membrane binding [32,40]. However, in
plants that have no PH domain, the C2 domain may be the
principal site of membrane interaction.
Interactions with the membrane via the hydrophobic ridge of
the catalytic domain
Both the structure of PLC-d1 and bacterial PI-PLC indi-
cate that the rim around the active-site opening contains a
hydrophobic portion (Fig. 2a). This hydrophobic ridge is
likely to be important for the enzyme to penetrate into the
hydrophobic portion of the membrane during catalysis.
Such a penetration step has been proposed for mammalian
PI-PLCs based on the effect of surface pressure on the
enzyme activity [63]. It may be that all of the isozymes are
partially regulated by agents that affect phospholipid
packing in the membrane [64]. This effect of membrane
structure on PI-PLC isozymes is pronounced but, unfortu-
nately, difficult to assess experimentally in vivo.
Interaction of PI-PLCs with the substrate in the active site
The structural basis for the substrate headgroup recognition
and the Ca2+-dependent hydrolysis in the active site is
revealed from the complex of the enzyme with Ins(1,4,5)P3
and Ca2+ (Fig. 3a) [4]. The observed substrate preference of
eukaryotic PI-PLCs, PtdIns(4,5)P2> PtdIns(4)P>>PtdIns,
the requirement for the 2-hydroxyl group of the inositol
ring and the strict calcium requirement for hydrolysis
(reviewed in [65]) can all be explained in terms of the stere-
ospecific hydrogen bonding and electrostatic interactions
with the specific moieties of the substrate headgroup and
Ca2+ cofactor. The inability of the enzyme to hydrolyze 3-
phosphoinositides is a consequence of a network of tight
interactions at the 3-hydroxyl group of the inositol moiety
that do not leave sufficient space to accommodate a phos-
phoryl group (Fig. 3b). This property of the active site pre-
vents PI-PLC from hydrolyzing 3-phosphoinositides and
thereby short-circuiting their signalling pathways.
A series of site-specific mutations in the catalytic domain
of several isozymes were analyzed, prior to the structure
determination, and six residues were identified that are
critical for enzyme activity: His311, Arg338, Asp341,
His356, Lys438 and Arg549 (PLC-d1 numbering) [66–70].
With the exception of Arg338, each of these residues is
involved in direct interactions with the substrate or Ca2+
cofactor. Recently, a new 130kDa, Ins(1,4,5)P3-binding
protein similar to PLC-d1, but without catalytic activity,
has been described [71]. The reason for its inactivity is
now clear: the protein has two key catalytic residues
mutated, Asn459 and Gly493, equivalent to His356 and
Gln390 of PLC-d1.
The prokaryotic B. cereus PI-PLC that consists of a single
catalytic TIM barrel domain [11] has a very low sequence
identity with the PLC-d1 catalytic domain, yet the overall
structures of the domains are similar. It is clear that the
eukaryotic and prokaryotic PI-PLCs arose from the same
origin via divergent evolution. The principal differences
between the prokaryotic and eukaryotic enzymes in the
substrate-binding pocket are related to differences in sub-
strate specificity and the eukaryotic enzyme requirement
for a Ca2+ cofactor. The eukaryotic enzymes prefer
polyphosphoinositides over phosphatidylinositol, whereas
only phosphatidylinositol and its glycosylated derivatives
are substrates for the bacterial enzyme [72]. Conse-
quently, the eukaryotic enzymes have additional basic
residues (Lys438 and Arg549) critical for the interactions
with the 4- and 5-phosphoryl groups of PtdIns(4,5)P2. In
addition, the eukaryotic enzyme evolved a metal cofactor
requirement by replacing a basic residue in the ancestral
enzyme with a cluster of acidic residues that coordinate
the catalytic Ca2+.
One of the hallmarks of the eukaryotic PI-PLCs is the
absolute requirement for a Ca2+ cofactor. The principal
function of the Ca2+ cofactor is to lower the pKa of the
2-hydroxyl group of the inositol moiety so as to facilitate its
deprotonation and subsequent nucleophilic attack on the
1-phosphate. A second role of the metal could be to stabi-
lize the negatively charged substrate-derived transition
state. It has been demonstrated that increases in cytosolic
Ca2+, induced by high K+ depolarization, Ca2+ ionophores
or buffered Ca2+ in permeablized cells result in PI-PLC
activation [16]. It is possible that this potential Ca2+ regula-
tory role involves binding to the catalytic domain.
A unique mode of regulation of substrate hydrolysis is
exhibited by PLC-b4 [73]. This isozyme is inhibited by
ribonucleoside mono-, di- and triphosphates. The PLC-b4
isozymes have a phosphate-binding loop (P loop)
sequence motif, similar to that required for phosphoryl
group recognition in nucleotide-binding proteins (Gly-X-
X-X-X-Gly-Lys-Ser) [51,73]. The P loop motif, residues
339–346 of the rat PLC-b4 sequence, corresponds to the
loop connecting b1 to a1 in the catalytic domain of PLC-
d1. This loop is one of three adjacent loops that form the
hydrophobic ridge. Nucleotide binding in such a position
would be likely to compete with substrate binding to the
PLC-b4 enzyme.
Future directions
The available structural information has provided a useful
framework within which to interpret the wealth of func-
tional information about these enzymes. However, it has
also posed many questions that have yet to be answered.
The structural studies and kinetics of the enzyme with
phospholipid monolayers and vesicles are consistent with 
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a multi-step model of membrane interaction preceding
hydrolysis. However, further kinetic and mutational studies
are necessary to demonstrate unequivocally the nature of
these steps and the domains and residues involved in them.
Furthermore, a pressing question is which of these steps
are regulated by activated G proteins and tyrosine kinase-
linked receptors for the PLC-b and PLC-g isozymes. The
purified components for these processes are available, and
answers to many of these questions will probably be soon 
at hand.
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Figure 3
Structural basis for the ability of PI-PLCs to
bind PtdIns(4,5)P2 but not PtdIns(3,4,5)P3 in
the active site. (a) The network of Ins(1,4,5)P3
and Ca2+ interactions in the active site of
PLC-d1; dotted lines indicate hydrogen bonds
or salt links between the enzyme and
Ins(1,4,5)P3 and Ca2+. The Ca2+ ion is shown
as a cyan sphere and protein atoms are in
standard colours. (b) An illustration of the
surface of the active site of PLC-d1 with a
hypothetical Ins(1,3,4,5)P4 molecule
occupying a position identical to Ins(1,4,5)P3
in the Ins(1,4,5)P3–enzyme complex. PI-PLCs
cannot bind PtdIns(3,4,5)P3 because there is
insufficient space around the 3-hydroxyl group
of the inositol moiety to accommodate a
phosphoryl group.
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The structure of the PLC-d1 isozyme has provided a useful
framework within which to propose and evaluate other
experimental observations regarding the four-domain, pro-
cessive core. Similarly, the domain arrangements of the
PLC-b and PLC-g isozymes will be important for under-
standing the regulation of PI-PLC by activated G proteins
and tyrosine kinase-linked receptors. Equally interesting,
and with more general implications for signal transduction,
will be the elucidation of the exact roles of the EF-hand and
C2 domains, as these protein modules exhibit a widespread
occurrence in signalling molecules.
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